Social insect societies are long-standing models for understanding social behaviour and evolution. Unlike other advanced biological societies (such as the multicellular body), the component parts of social insect societies can be easily deconstructed and manipulated. Recent methodological and theoretical innovations have exploited this trait to address an expanded range of biological questions. We illustrate the broadening range of biological insight coming from social insect biology with four examples. These new frontiers promote openminded, interdisciplinary exploration of one of the richest and most complex of biological phenomena: sociality.
Social insect societies are long-standing models for understanding social behaviour and evolution. Unlike other advanced biological societies (such as the multicellular body), the component parts of social insect societies can be easily deconstructed and manipulated. Recent methodological and theoretical innovations have exploited this trait to address an expanded range of biological questions. We illustrate the broadening range of biological insight coming from social insect biology with four examples. These new frontiers promote openminded, interdisciplinary exploration of one of the richest and most complex of biological phenomena: sociality.
Expanding Horizons for Social Insect Research
A pivotal point in biological research was the realization that life, across all levels of biological organization, can be explained via a series of major evolutionary transitions (see Glossary) [1] . One such transition is the shift from solitary to highly social living, in which previously independent units come together to form a new level of individualitythe society [1, 2] . The transition to social living is apparent across levels of biological organization and governed by similar principles. Major evolutionary transitions include the origin of the genome, the evolution of multicellularity from free-living cells and the evolution of insect sociality from individual insects.
However, insect societies (the ants, termites and certain bees and aculeate wasps) are unique amongst the products of the major transitions in that the component parts (individual insects) can be easily deconstructed and manipulated (Figure 1 ), allowing the mechanistic and evolutionary basis of the complexities of life to be scrutinized. We are now witnessing a revolution in the scope of study offered by social insects. Conceptual and methodological advances allow researchers to capitalize on the ease of deconstructing the society; as a result, social insects are now being used to unlock questions as diverse as the evolution of innate immunity [3] , how specialist phenotypes can emerge from a common genome [4] , the evolution of heritability [5] and the roles played by personality and heterogeneity in biological systems [6] . Here we argue that social insect research is helping solve general problems in biology. We invited the opinions of 120 biologists (delegates at the 2015 meeting of the North West European Section of the Trends Many social insect colonies are closely analogous to multicellular organisms, possessing key 'organismal' traits. Most prominently amongst these is the obligate differentiation of individuals into germ and soma, accompanied by extreme levels of functional integration and a colony-level immune system. This striking echo in evolution means that social insects can provide highly accessible models for questions that have traditionally been the domain of whole-organism and cell biology.
The expanded scope of model organisms amongst the social insects, novel techniques and recent conceptual advances suggest that social insect biology can make profound contributions to diverse fields -from immunology to the study of heredity itselfto which it has previously had little connection.
International Union for the Study of Social Insects) on general topics in biology that social insect research is revolutionizing. Nominated topics were discussed in workshops to define the conceptual advances offered by social insect research, and discuss emerging challenges and solutions. We showcase four of these emerging trends. This list is nonexhaustive and biased by the delegates' research interests, but they serve well in illustrating the point that social insects are no longer limited as models for classical behavioural ecology and evolution, and that they are now being offered as solutions to key challenges in 21st century biology (see Outstanding Questions).
Trend 1: Superorganisms and a Unified Theory of Social Evolution
The Problem The evolution of societies with distinct castes of sterile workers and reproductive queens is the latest major evolutionary transition ( Figure 1 ). Inclusive fitness theory explains the complex interplay of kinship, conflict and cooperation among individuals in the evolution of insect societies. This transition means that selection increasingly scrutinizes group-level traits; however, we understand surprisingly little about how the evolution of group-level traits compares to the evolution of individual-level traits, the latter of which have been the traditional focus of evolutionary biology.
Conceptual Advances
The most elaborate form of social living in the social insects is eusociality, typically defined by three characteristics: cooperative care of young, reproductive division of labour and overlapping generations. Describing eusocial insect societies as 'superorganisms' -social Figure 1 . Functionally, Eusocial Insect Colonies Often Resemble Multicellular Organisms, and Are Said to Be 'Superorganismal'. Social insect species possess organismal traits to greater or lesser degrees. By echoing the internal functions of multicellular organisms, social insects can provide insights into research questions that have traditionally been the domain of cellular biology and medicine. Unlike multicellular organisms, social insect colonies are amenable to manipulation, including (A) transplantation of 'graft tissue' (in the form of individual insects) between or within colonies, (B) targeted manipulation of specific individuals within the colony and (C) targeted exclusion of specific parts of the colony to identify function. Observation and experiment can now utilize (D) automatic monitoring of movement and interactions at an individual level. (E) Distinct modules within the colony can be readily identified (morphologically and behaviourally). We represent the colony with the most famous 'superorganism' of all: Thomas Hobbes' Leviathan.
Glossary
Behavioural syndrome: a suite of behaviours that differ consistently between entities (also termed 'personality'). Behavioural syndromes are typically analysed at the level of the individual, but colony-level behavioural syndromes are also possible. Biological heterogeneity: differences between members of a group, which can be adaptive, maladaptive or neutral. Caste: a specialized subset of individuals in a colony, which are morphologically or behaviourally distinct from other individuals. The most profound caste distinction is between a reproductive caste and a non-reproductive (worker) caste, but the term is also used for distinct subsets of the non-reproductive workforce that specialize in different tasks (and can be dramatically different in morphology); for example, solider and forager castes in some leaf-cutting ant species. Eusociality: a form of social organization typically defined by three traits: (i) cooperative care of young, (ii) differentiation of individuals into reproductive and nonreproductive castes and (iii) overlapping generations. Epigenetics: modifications to chromosomes that influence gene expression without altering the DNA sequence itself. Genomic plasticity: aspects of the genome (e.g., gene transcription, translation, regulation) that facilitate rapid changes in phenotype (e.g., changes in gene expression or methylation in response to an environmental cue). Immunological memory: the ability of the adaptive immune system to mount a targeted response upon reencountering a specific pathogen. Inclusive fitness theory: a central paradigm in social evolution, which sees individual organisms as maximizing the sum of direct fitness (the actor's own fitness) and indirect fitness (the actor's effects on the fitness of others, weighted by relatedness). Indirect genetic effects: effects on an individual's phenotype caused by the genes of other conspecifics. Innate immunity: the branch of the immune system that presents general, nonspecific responses to pathogens. colonies that possess the fundamental qualities of organisms to such an extent that we can consider them organismal in their own rightis compelling, and dates to the early 1900s [7] . Currently, the superorganism concept is moving from an appealing metaphor to a more precise formal analogy [8] . The superorganism view has often been limited to physical and functional analogies between multicellular organisms and eusocial societies, but recent work shows how the concept can provide an explicit comparison of new kinds of organisms; this promises a more unified understanding of how evolution works at different hierarchical levels [2] .
Challenges and Solutions
To determine how traits of superorganisms evolve, and how similarities in evolution at different biological levels arise, we need to understand the building blocks of natural selection at the superorganism level, that is, the fitness effects and heritability of variation in colony-level traits. Colonies vary consistently in traits such as reproductive allocation [9] and foraging [5] . The fitness effect of variation in colony-level traits (including caste ratios, genetic diversity, colony size and foraging thresholds) has been demonstrated in the laboratory and in the wild [10] using fitness proxies such as foraging success, productivity or disease resistance. To set colony-level trait variation into an evolutionary context, we need to understand how colony traits respond to selection.
The heritability, and response to selection, of group traits is poorly understood [11] . We outline three areas where significant progress can be made. First, long-term field studies allow mapping of fitness effects at the levels of lifetime reproductive output [12] and heritability of colony-level traits as they are transmitted from parent colonies to daughter colonies [5] . Colony longevity, long dispersal distances and pervasive plasticity in colony traits, however, make gathering such field data challenging. This is why, second, experimental approaches are needed. Experimental work in honeybees [13] and ants [14] has revealed the complex genetic architecture of traits such as foraging preferences and allocation decisions. Third, theory needs to reveal how traits of superorganisms with internal genetic diversity, conflicts of interest between individual and group levels, complex indirect genetic effects [15] , caste antagonistic selection pressures [16] and extensive phenotypic plasticity respond to selection. To achieve this, it will be necessary to move seamlessly between the quantitative genetics view point offered by multilevel selection and the optimality logic of inclusive fitness theory [17] . Finally, understanding how individual-level variation translates (during ontogeny, and in the genotype-phenotype map of the superorganism) to colony-level variation is nontrivial, and continues to be modelled extensively [18] .
The concept of a superorganism combines disparate approaches into a general framework for studying how traits of colonies evolve. There is potential in comparative tests of adaptive hypotheses over key colony-level life history traits [2] and analyses of ongoing selection of superorganismal traits, both in the field and in the laboratory. The variation in insect societies (Box 1), and a mechanistic understanding of the behaviour of the parts that make the whole, provides an excellent setting for taking the study of evolutionary transitions to the next level, to understand how a transition in heritable, fitness-relevant variation happens and to compare evolutionary processes across hierarchical levels.
Trend 2: The Functional Roles of Biological Heterogeneity
The Problem Superficially similar individual units in cooperative groupssuch as cells in the pancreas or workers in ant coloniesoften show dramatic variation in how they behave [19] . Such heterogeneity is emerging as an adaptive trait of the group itself, not noise around an optimum [20] . Social insect colonies provide good models for identifying adaptation amid the noise, due to their specialized task-allocation strategies (e.g., among reproductive and non-reproductive castes) and their propensity for self-organization. At a given moment, workers will be distributed across a range of tasksspecializing (permanently or temporarily) as a forager, a cemetery cleaner or a nurse, for instance. This allocation of workers to distinct tasks promotes colony efficiency and productivity [21] . However, recent studies have revealed extraordinary heterogeneity within physical worker castes.
Conceptual Advances
The heterogeneous nature of social phenotypes within the colony appears to be adaptive at the colony level. For example, honeybee colonies with high genetic diversity (generated from multiply mated queens) experience reduced fluctuation in temperature compared with less genetically diverse colonies; this is because the response thresholds of individuals are genetically determined, and so varied patrilines deliver varied response thresholds [21] . Variations in Major evolutionary transition: an event in the history of life in which lower-level units (such as solitary insects) evolve to form highly integrated higher-level units (such as social insect colonies). Other major transitions include the origin of the genome and the multicellular organism. Phenotypic plasticity: the characteristic of expressing different phenotypes from the same genotype in different environments. Queen: a female in social insect colonies accepted by the workers as a sustained egg layer. Colonies can have multiple queens. Reproductive division of labour: the condition in which only a subset of individuals within groups reproduce, aided in brood rearing by non-reproductive individuals. Social immunity: the additional level of disease protection arising in a eusocial society due to the social disease defences of its members. These traits are selected for to maximise the inclusive fitness of the society's members. Social parasite: social organisms that exploit the socially acquired resources of other (social) colonies, such as slave-making ants that raid colonies and 'enslave' workers, and parasitic reproductives that infiltrate foreign colonies to lay their own eggs. Superorganism: a group of individual organisms that possesses the fundamental characteristics of an organism itself. Classically, this requires obligate differentiation of individuals into morphologically distinct reproductive and nonreproductive castes, echoing the distinction between gonads and somatic tissue in multicellular organisms, accompanied by tight functional integration. Transcriptomics: the study of messenger RNA molecules, which communicate the 'commands' of the genome to the cell for the creation of proteins. Transgenerational immune priming: the transmission of disease resistance, developed through experience, from parents to offspring.
Box 1. Diversifying Model Organisms: Going beyond the Honeybee
The biological diversity exhibited by social insect species is astounding, from variation in social organization and mating strategies, to physiology, behaviour and life history. Despite this immense variability, social insect research has focused historically on a relatively small coterie of accessible model organisms, in particular the honeybee (Apis mellifera). The range of model organisms is now expanding, opening new research possibilities ( Figure 2 ).
Models of Simple Sociality
In the quest to understand the mechanisms and processes that occurred at the origin of sociality, it is necessary to study model organisms that have very simple societies, and thus are likely to represent an early stage of social evolution. These so-called primitively eusocial insectsincluding the Polistes paper wasps ( Figure 2B ) and various halictid 'sweat bees'offer snapshots in evolutionary time into the conditions favouring the origin of group living. Workers in these species retain reproductive potency; the distinction between queen and worker can be temporary, and discernible only through behaviour and basic reproductive physiology. Such simple societies offer unique opportunities to explore fundamental questions in biology, including the role of plasticity in adaptation [45] , the emergence of distinct behavioural roles from a common genome [34] , the relative importance of direct and indirect fitness in the formation of social groups and the first stages in a major evolutionary transition [1, 59] .
Models of Complex Sociality
Species with complex societies offer insights into the extraordinary level of coordination required to maintain functioning colonies of thousands of individuals. Here, division of reproductive labour is complex and derived: queen and worker roles are fixed during development in response to an environmental cue, or (more rarely) a genetic basis [37] . Adults are therefore committed to their roles, and thus are excellent models for understanding the loss of phenotypic plasticity, and a major transition in evolution [8] . Fire ants (Solenopsis invicta; Figure 2C ) provide such a model. As an invasive species with dramatic ecological effects, they have become a focus in a high-stakes struggle to understand the role of sociality in invasions. Remarkably, genetic research in S. invicta has uncovered the existence of a 'social chromosome' that explains variation in social structure [60] , providing a rare example of the elusive 'greenbeard' traits predicted by evolutionary theory. Similar advances are being made in the attine leafcutter ants, the agriculturalists of the hymenopteran world, that live in a symbiotic association with a fungus that they farm to produce food for their developing brood: comparative genomics are now revealing in fine detail the evolution of these complex societies and mutualisms [61] .
Comparative Social Biology
Phylogenetic analyses of social traits provide key insights into the patterns and processes of evolution. With large clades encompassing different levels of sociality and a wide range of quantifiable traits, social insects provide valuable models for this emerging field [62] .
The bumblebee genus (Bombus spp.) provides a fascinating case study, in which comparative social biology can recreate in detail the genetics of adaptation. The genus includes species representing a range of social complexity, and certain species (in the subgenus Psithyrus) are workerless social parasites of the social Bombus colonies. These parasites invade foreign colonies, overthrow the queen and exploit the host workforce. Given that genes in each of these lineages will experience radically different social contexts, such systems provide an opportunity to reveal the effects of sociality on the dynamics of natural selection [63] . With such opportunities now emerging, we expect that the social insects will make some of the strongest contributions to future comparative social biology. response thresholds are also important in decision making. For example, among househunting ants, some individuals have high thresholds for accepting a new nest [22] , making it more likely that the colony finds the best available option [23] . Social insects are suited to answering general questions about the adaptive value of biological heterogeneity at a fine scale, due to their large colony sizes and observability, alongside recent breakthroughs in individuallevel automated monitoring (Box 2).
Challenges and Solutions
We identify five areas in which social insects can offer insights into biological heterogeneity. First, the contributions of some forms of heterogeneity are not obvious. A striking example is 'lazy workers' in social insect colonies, whose low activity levels leave other group members to perform a large proportion of the work [6] . Some forms of heterogeneity in activity can be traced to underlying heterogeneity in physiology; for example, heterogeneous distributions of fat stores regulate foraging activity in ants [24] .
Second, how is heterogeneity linked across organizational scales? Higher-level variation can emerge from lower-level heterogeneity. Behavioural syndromes (consistent expression of behavioural traits across different environments or conditions) are observable at the colony level [25] but it is not clear how these relate to individual-level heterogeneity. It has been suggested that heterogeneous traits at the colony level might be most important for species-level ecology, allowing for the coexistence of complementary types [10] .
Third, continuous heterogeneous traits are rarely normally distributed; the adaptive reasons for skewed distributions of traits remain elusive. Social insects, given their remarkable accessibility, offer opportunities to both measure andcruciallyexperimentally manipulate the distributions of heterogeneous traits in situ. With their readily observed behavioural heterogeneity [6] , ant workers are especially suited to this form of manipulation. To exploit this opportunity, we require a close understanding of how flexible individual thresholds are in response to, for example, the removal of workers with specific thresholds/roles and over what timescale responses should be expected.
Fourth, if heterogeneity is functional, then it must be a target of selection, but the mechanisms by which this occurs are unknown. Social insects offer insights into the role of life history and social information in generating and maintaining adaptive heterogeneity. Life-history traits Box 
The Rise of Automated Monitoring
In recent years, developments in tracking technology have led to more detailed study of individual-level insect behaviour. The long-standing method that involves marking individuals with unique paint marks [64] is now being complemented with automated methods, opening new vistas of research.
Methods are varied and adaptable to address a wide spectrum of questions. Time-lapse video can be used to track aggregate activity levels over time [65] , while individual trajectories of two-dimensional movements can also be recovered from video using various tracking software [66] . Radio-frequency identification chips are attached to ants and wasps to automatically monitor visits to particular locations [67, 68] . Tracking small ants over long distances is a challenge for a fixed-camera system, and so a moveable gantry-based camera can also be effective for detailed studies of individual movement [69] . Recent research has successfully employed paper barcode tags to study the colony behaviour of a large species of ant [70] . For flying insects such as bumblebees, small transponders can be attached and individually tracked using harmonic radar; this technique has been used successfully in long-term behavioural studies [71] . If individual animals are sufficiently different in appearance, computer algorithms can identify a 'fingerprint' for individual-level recognition [72] . Noninvasive tracking is preferable as marking animals might modify behaviour.
With ever-improving video recording quality, even colonies of numerous, small and apparently identical insects can be revealed as a collection of behaviourally heterogeneous individuals. Automated monitoring of social insects therefore offers unprecedented opportunities to study the mechanisms and evolution of the superorganism. At the same time, social insect research is inspiring parallel developments in the tracking of cells [73] and human crowds [74] .
include physical maturity, nutritional and environmental factors [26, 27] ; social factors include learning and experience [28] . Exploitation of individual tracking technology allows behaviours to be followed over long periods under different mechanistic scenarios, to investigate how thresholds can be altered (Box 2). Social information provides a mechanism for shaping individual-level variation in behaviour [29, 30] , although it is not always reliable, due to conflicts between the group and individual [31] or because accuracy must be traded-off against speed when making colony-level decisions [32] .
Trend 3: Phenotypic Plasticity Is Key to Coping with Changing Environments
The Problem Phenotypic plasticity is an adaptive mechanism whereby a single genotype can respond to changing environments by expressing different phenotypes under different environmental conditions [33] . Such plasticity is especially important in rapidly changing environments where there is not time for populations to evolve or disperse. The molecular mechanisms underlying plasticity are poorly explored; this information is essential for understanding how organisms respond to their environment, and predicting how they will cope with environmental change. Social insects display plasticity in behavioural and physiological traits that can be easily measured and manipulated; moreover, genomic tools for examining plasticity at the molecular level are now accessible for any species (Box 3).
Conceptual Advances
Social insect species exhibiting simple societies are excellent models for studying phenotypic plasticity, as individuals retain caste flexibility throughout life. Accordingly, adults in simple societies can often respond to changes in their environment by switching caste (Box 1) [4, 34] . Next-generation methods in molecular biology (Box 3) mean these relatively understudied species can now be used to reveal the molecular mechanisms of phenotypic plasticity [35] [36] [37] . For example, high levels of plasticity have been associated with subtle differences in transcriptional networks, molecular pathways, DNA methylation and tissue-specific gene expression [4, 38] . By contrast, low levels of plasticity appear to be governed by large-scale shifts in molecular processes: functional enrichment and canalization of gene expression might limit plasticity [39] .
Exploring the mechanisms of phenotypic plasticity in social insects is an opportunity to move the focus beyond a single individual, as plasticity is a feature that applies also to whole colonies [40] . The network of interactions among colony members can reach different levels of plasticity, depending on fluctuating colony needs, similar to what we observe in molecular networks of coexpressed genes. However, this aspect of social behaviour has not been fully characterized. From an applied perspective, understanding phenotypic plasticity in social insects is of value due to their roles as both invasive species and providers of ecosystem services [41] ; moreover, the remarkable difference in longevity between queens and workers means that social insects are now models for understanding ageing [42] . The rich diversity of phenotypic plasticity in social insects (Box 1), together with new molecular tools (Box 2), places this taxonomic group centre stage in advancing our understanding of plasticity at multiple levels of analysis, and the interplay of these different levels with the environment.
Challenges and Solutions
We identify three fundamental issues on the nature of phenotypic plasticity on which social insects can shed light. First, we understand little about the molecular processes underlying plasticity. The tractability of experimental work in the field and laboratory (Box 1) and their relatively small genomes (Box 3) make social insects good models here. The range of plasticity exhibited by social insects (Box 1) is helping reveal molecular signatures of plasticity, at the transcriptomic and epigenetic level [4] . Such insights can provide new solutions to urgent biodiversity issues; for example, molecular indicators of plasticity could help prioritize conservation of species that lack the capacity of a plastic response.
A second challenge is understanding the causes of variation in plasticity. Some species are remarkably resilient to environmental change (e.g., invasive ant species [43] ), whilst others are not (e.g., to habitat loss, novel toxins or pathogens [44] ). Differences in the mechanistic basis of genomic plasticity might explain variation in species-level resilience to environmental change, Box 3 . 'Omic' Technologies Are Revolutionary but Require Careful Standardization Recent advances in whole-genome high-throughput sequencing now facilitate testing of evolutionary and mechanistic hypotheses using a wide range of taxa, generating unprecedented data sets. Social insects have taken centre stage in this due to their availability and small genome sizes. Genomic, transcriptomic, epigenetic and proteomic approaches showcase the potential of these analyses in social insects to answer wider biological questions. For example, comparative genomic analyses have revealed the expansion of olfactory receptors in ants [75] ; the identification of caste-associated gene expression has probed the molecular differentiation between simple and complex social species [4] ; epigenetic studies explain behavioural plasticity across social evolution [76] and proteomic, lipidomic and metabolomic approaches are on the horizon [77] . However, methodologies need to be standardized, and well reported, to ensure future-proofing of data and facilitate comparisons across studies and species. We summarize some of the major challenges.
Sampling
Field samples reflect the natural conditions, whilst laboratory environments can result in artefacts [78] . Choice of tissue is also important. Whole-body transcriptomic, proteomic or methylomic analyses are of limited use due to the huge variability across tissues. Analyses of highly specialized tissues, such as brain mushroom bodies, will accurately reflect their specificity but will preclude identification of upstream signalling pathways linked with individual phenotype. Most sequencing studies use pooled samples, which average the variability among individuals as well as increasing the amount of starting material, making replication affordable; but, pooling loses information on individual-level heterogeneity. The sampling methods chosen should be appropriate to the biological question: for example, effects of diet on the developing phenotype might be better studied using whole-body analyses under the controlled environment of the laboratory, whilst behavioural studies require analyses of brain tissue in an environmentally relevant context.
Sequencing
RNA extraction and library preparation influence the quality and concentration of cDNA. For example, different concentrations of cDNA can result in differences in sequences [79] . Choice of extraction kit (RNA only, combined RNA-DNA) and library preparation method (number of PCR cycles, concentration of adapters) are key for library optimization; RNA spike-in controls help to standardize large-scale comparisons across data sets [80] . A second consideration is batch effects (confounding variation in the experience of different samples during sequencing). Barcoding and sequencing barcoded mixed samples in multiple lanes can reduce batch effects [81] . Finally, different sequencing platforms might not generate comparable data, for example, between 454 and Illumina platforms [82] . With new platforms appearing almost annually, reproducibility across platforms is one of the major challenges facing genomic studies.
Data Analysis
Evolutionary analyses and cross-species gene-expression analyses are annotation dependent. Thus, the quality of genome annotations influences detection of gene losses and gains, and can bias analyses of gene expression across species. The use of single-copy orthologues (through KEGG orthology) to assess genome assembly and annotation quality might improve the analysis [83] . However, ultimately, the power (and relevance) of annotation is limited by the range of genes and species that have been subjected to functional genomic analyses. In particular, advancing social insect genomics will require using social insect models rather than traditional models such as Drosophila. Finally, to compare gene expression across species, it is important to normalise for GC (guanine-cytosine) biasing of RNAsequencing, exon-intron structure and gene length that can differ between species [84] .
In conclusion, the tandem power of 'omics' technologies (this box) and diversity of social insect biology (Box 1) provides an unprecedented tool for answering a range of biological questions. However, close dialogue between social insect researchers, molecular biologists and bioinformaticians is essential to fully exploit this potential, and future-proof genomic data sets within meaningful ecological contexts.
whilst the nature of the plastic response will depend on the nature of the challenge (e.g., chemicals, temperature fluctuations, pathogens). Using a comparative approach (Box 1) and exploiting molecular tools (Box 3), traits that explain variation in plastic responses can be identified, and used to advise biodiversity management. Of particular importance is understanding what genomic traits might limit plasticity. Social insects exhibit an evolutionary loss of plasticity in the form of caste differentiation, with more complex societies exhibiting low levels of plasticity relative to simpler societies [4] . An extreme example of caste reduction is found in the social parasites, which have evolved multiple times within the social insects and rely on social species to survive: they exhibit varying levels of losses in phenotypic plasticity depending on the species. These insects might reveal how genomes change with extreme losses of phenotypic plasticity [45] .
A third challenge is to understand when (and why) phenotypes become more plastic. This is urgent as invasive species with high levels of plasticity are threatening ecosystems globally. Is plasticity a preadaptation to invasion or does plasticity emerge due to the invasion process? Can molecular indicators of plasticity (e.g., epigenetic marks) predict vulnerability to environmental challenges and thus improve predictions of (and mitigate) population declines [46] ? Social insects are an important and accessible group to address these questions, as ecosystem service providers (e.g., pollinators, predators and seed dispersers [47] ) and successful invasive species [43] .
Trend 4: Towards a Unified Framework for Understanding Disease Defence
The Problem Research on the vertebrate adaptive immune system has led to major advances in our understanding of host disease defence [48] . However, despite the potency of immunological memory, it is often innate immunity that makes the difference between survival and death [49] . The discovery that invertebrates, including social insects, can prime their immune responses and transfer immune protection across generations is paradigm shifting [50] . This development comes at a time of rising interest in the links between sociality and disease dynamics [51] . In general, we lack a solid understanding of the interplay between physiological immunity, behavioural responses and social interactions, yet this is essential to the study of disease defence, host-pathogen coevolution and epidemiology across all taxa [48] .
Conceptual Advances
The natural variation and plasticity present in social insect colonies (Trends 2 and 3) makes them ideal candidates for ecoimmunological work and powerful models to study the evolution of immune defences from the gene to the society [52] . The diversity of social complexity in social insects (Box 1 and Figure 2 ) facilitates the study of disease dynamics and epidemiology in groups of different sizes and social structures. Studying disease dynamics in social insects has already led to new concepts: social immunity is the additional layer of defence arising from collectively performed disease defences that reduce the disease susceptibility of the colony. It is thereby analogous to the physiological immune system of multicellular organisms, and can plausibly provide insights into the evolution of immune defences across these domains [53] .
Challenges and Solutions
We identify three critical issues that are of general importance to the study of disease defence in animals. The first concerns the molecular mechanisms underpinning transgenerational immune priming, where insect parents can enhance the resistance of their offspring to disease without antibodies. A mechanism for maternal immune priming in insects was recently discovered in the honeybee: the egg yolk protein vitellogenin transfers bacterial fragments from food to developing eggs [3] . Do mothers pass on other molecules (e.g., mRNA or specific proteins) that shape the phenotype of the developing embryo? It has been argued that the evolution of immune priming in insects is dependent on the longevity of the species and mechanism of dispersal [50] , but strong evidence is lacking. As they exhibit large variation in longevity and dispersal strategies, social insects offer ideal candidates to test these hypotheses.
Second, social insects can provide a window into the costs of immune defence. It is plausible that resistance is traded-off against other fitness-related traits and depends on life history [48] . Indeed, the costs (and need) for immune defence can differ between colony members. The range of model systems (Box 1) and the accessibility of genomic tools (Box 3) mean that social insects have the potential to reveal the costs of immunity on fitness-related traits and determine the interaction between physiological and behavioural immunity.
To study the impacts of behavioural defences on survival and fitness, longer-term studies are required; the short generation times and amenability to experimental manipulation of behaviour make social insect promising models [54] . For example, nest entrances can be closed to prevent the removal of corpses, a key social immunity behaviour [55] . Moreover, with the increasing number of sequenced genomes and RNAi-mediated knockdown techniques, genes that regulate behavioural phenotypes can be targeted directly to obtain the desired behavioural modification [56] .
Finally, studies of complete social groups are needed to understand the role of social networks in disease transmission and susceptibility [57] . Social insects are ideal candidates for studies of epidemiological networks as whole colonies can be observed and manipulated, and their responses can be intimately linked to the functions of subsets of individuals within the colony [58] . More generally, the fact that natural enemies, including microbial parasites, pathogens and multicellular antagonists (such as social parasites), can target two distinct levels of organization (individuals or colonies) presents a unique arena in which to examine the role of hierarchical organization in immunity and defence. With the development of tracking techniques and advances in network analysis (Box 2), disease outbreaks can be studied across space and in real time within the 'physiology' of the superorganism, revealing the impact of infection on social interactions [57] .
Concluding Remarks
Social insect research is one of the historic triumphs of modern biology. A comprehensive body of natural history has been documented for a broad range of species. Theory explaining the mechanisms and evolutionary processes underpinning sociality is well developed. Social insects have provided important models for studying behaviour, development and cooperation for over a century. Given this springboard of knowledge, social insects now offer solutions to some of the big questions in biology (see Outstanding Questions). Precise investigation of the fact that convergent forms of social organization occur at multiple levels of biological organization, a renewed fascination with the extraordinary diversity of the social insects (Box 1) and a powerful new ability to exploit this diversity through technological (Box 2) and molecular (Box 3) advances represent an exciting triad of recent trends, responsible for the rise of the social insects as small solutions to big problems in biology. How is heterogeneity linked across different spatial scales?
What shape does heterogeneity take? Normality is assumed, but is unlikely to be realistic.
What are the mechanisms generating heterogeneity? What are the relative roles of genetics, life history, social information use and learning?
How important are 'innovators' in the evolution of individual heterogeneity?
Trend 3: Phenotypic Plasticity Is Key to Coping with Changing Environments
How is plasticity regulated at the molecular level?
What traits (genomic, life history, environmental) cause variation in plastic responses and when does plasticity arise?
What is the relationship between phenotypic plasticity and conservation (e.g., declining populations, resilience to environmental change and propensity to become an invasive species)? To what extent can measures of plasticity be used to predict, and mitigate, changes in species ranges and abundance?
Trend 4: Towards a Unified Framework for Understanding Disease Defence
What are the mechanisms behind trans-generational immune priming?
Which kind of costs are associated with disease defence?
What is the impact of behavioural disease defence on survival and fitness?
How do social network interactions influence disease transmission and susceptibility?
These four trends are far from exhaustive, but serve to showcase the range of broad biological questions that can be addressed using social insects. Other equally important trends include:
How are conflicts of interest over fitness resolved among group members?
What is the relative importance of direct and indirect fitness in the formation of social groups? What roles are played by 'social chromosomes' in the evolution of sociality?
What insights can be provided by a comparative approach to social biology?
How can insights in automated tracking of social insects inform developments in other fields, including monitoring of cells and human crowds?
What can epigenetics teach us about behavioural plasticity? Is there an applied role for epigenetics in identifying species for conservation priorities?
Will new 'omics' approaches (proteomic, lipidomic and metabolomic) alter our understanding of the concept of castes?
